The coreceptors used by primary syncytium-inducing (SI) human immunodeficiency virus type 1 isolates for infection of primary macrophages were investigated. SI strains using only CXCR4 replicated equally well in macrophages with or without CCR5 and were inhibited by several different ligands for CXCR4 including SDF-1 and bicyclam derivative AMD3100. SI strains that used a broad range of coreceptors including CCR3, CCR5, CCR8, CXCR4, and BONZO infected CCR5-deficient macrophages about 10-fold less efficiently than CCR5 ؉ macrophages. Moreover, AMD3100 blocked infection of CCR5-negative macrophages by these strains. Our results therefore demonstrate that CXCR4, as well as CCR5, is used for infection of primary macrophages but provide no evidence for the use of alternative coreceptors.
Human immunodeficiency virus type 1 (HIV-1) infects several cell types of the hematopoietic lineage, including CD4
ϩ T cells, macrophages, and dendritic cells. Non-syncytium-inducing (NSI) strains of HIV-1 infect both peripheral blood mononuclear cells (PBMCs) and macrophages derived from blood monocytes but fail to infect most established CD4 ϩ T-cell lines (2) . Conversely, the majority of T-cell line-adapted (TCLA) syncytium-inducing (SI) strains, such as the prototype IIIB strain, infect PBMCs and T-cell lines but infect macrophages at best inefficiently (46) . The extent to which primary SI isolates infect macrophages is controversial. We and other groups have found that most primary SI strains replicate efficiently in macrophages (derived from blood monocytes) (47, 49) , although other reports have indicated a lack of macrophage-tropism for the majority of primary SI strains (12, 29, 45) . These discrepancies may be the due to differences in virus isolation, macrophage preparation, or the stage of macrophage maturation. Indeed, macrophages derived from blood, cord blood, or the placenta have distinct sensitivities to infection by different HIV-1 strains (24) .
HIV has been shown to require particular seven-transmembrane chemokine receptors in addition to CD4 for entry into cells (9, 20, 35) . CCR5, a receptor for the ␤-chemokines RANTES, MIP-1␣, and MIP-1␤, is the major coreceptor for NSI strains of HIV-1 (1, 15, 22) , while TCLA SI strains have been shown to use CXCR4 (25) , the ligand for which is SDF-1 (5, 37) . In addition, several other chemokine receptors and orphan receptors can act as efficient coreceptors for some virus strains. These include CCR2b, CCR3, CCR8, BOB (or gpr15), BONZO (also known as STRL33 or TYMSTR), and CX 3 CR1 (V28) (8, 16, 21, 23, 27, 31, 33, 40) .
At present, the relevance of each of the identified HIV-1 coreceptors for replication in vivo is unclear. CCR5 is clearly involved in transmission, since individuals homozygous for a 32-bp deletion in their CCR5 genes (⌬32/⌬32 CCR5 individuals) are substantially protected from HIV-1 infection (14, 32, 42) . In vitro, this deletion also prevents the entry of NSI strains into PBMCs and macrophages (12, 38) , indicating that CCR5 is the predominant coreceptor for NSI infection of these cell types.
In vivo, HIV-1 coreceptor use is thought to broaden as the disease progresses (13) . CXCR4-using SI strains often emerge late in the course of HIV infection, and this emergence may precede a more rapid decline in CD4 ϩ T-cell numbers. Some SI strains, e.g., 89.6 (11) and 2076 (described here), can use multiple coreceptors while others, e.g., 2044 (described here) and TCLA LAI (IIIB), use only CXCR4 among the identified coreceptors. The last two strains are thought to use CXCR4 for infection of PBMCs and dendritic cells since SDF-1 is an efficient inhibitor of infection (3, 18, 37) . The coreceptors exploited by SI strains for the infection of macrophages are less clear. We and others have shown previously that CXCR4 is expressed on monocytes/macrophages (17, 34, 36, 50, 51) ; however, it has not been considered a potential coreceptor on macrophages (17, 38, 51) due to the lack of infection by CXCR4-using TCLA strains. Yet cells expressing envelope glycoproteins derived from CXCR4-using TCLA strains fuse with macrophages derived from blood monocytes (4, 46) , indicating that these cells express appropriate coreceptors for membrane fusion.
Coreceptors used by primary dual-tropic SI isolates of HIV-1. We first assessed the range of coreceptors that were used by a panel of four dual-tropic SI isolates. 2005, 2044, 2028, and 2076 are all low-passage strains of HIV-1 belonging to clade B and have been characterized extensively (47) . SL-2 and E80 are clade B NSI HIV-1 strains (47) , and SF162 is a molecular clone of an NSI HIV-1 strain (7). HXB2 is a molecular clone of SI, TCLA strain HIV-1 LAI (IIIB) (39) . These strains were tested for infection of feline CCC/CD4 cells transiently expressing a panel of known HIV-1 coreceptors. Two SI strains, 2005 and 2044, infect macrophages yet do not utilize CCR5 (47) . These strains failed to use any coreceptor except CXCR4 efficiently (Table 1 ). 2076 and 2028 were capable of using a wider range of coreceptors for entry into cells, including BONZO and CCR8 as well as CCR3, CCR5, and CXCR4 (Table 1) . Efficient infection of CCR5 ϩ cells by the NSI strains SF162 and SL-2 was observed, although some infection of SF162 via BONZO and of SL-2 via BOB was also noted.
Connor et al. (13) suggested that in HIV-1-infected individuals coreceptor use broadens as the disease progresses. Two of the SI strains described here were isolated from symptomatic individuals and used five of the eight reported coreceptors. Yet we also show that some SI viruses also isolated from symptomatic individuals only use CXCR4. We do not know whether such strains result from a direct switch from CCR5-using viruses or develop from strains with a broad coreceptor usage.
Infection of macrophages derived from homozygous ⌬32/ ⌬32 CCR5 individuals. We first investigated the role of CCR5 for macrophage infection by primary SI viruses. Macrophages were isolated from blood monocytes by plastic adherence as previously described (46) . Leukocytes prepared from buffy coats were added to bacterial petri dishes containing 5% human serum (HuS) in RPMI 1640 (Gibco). After 2 h, nonadherent cells were washed off, and the remaining cells were incubated overnight in 10% HuS in RPMI 1640 (M⌽ medium). Plates were again vigorously washed. The adherent cells were allowed to differentiate into macrophages in M⌽ medium. After 2 days, fluorescence-activated cell sorter analysis indicated that Ͼ98% of the cells expressed monocyte/macrophage marker CD11c, as well as high levels of monocyte marker CD13 (data not shown). Seven-day-old macrophages were also positive for CD14 and had high levels of CD71 (the transferrin receptor), which is not expressed on fresh monocytes (30), while CD13 (aminopeptidase N) was significantly downregulated. These observations are consistent with monocyte differentiation into macrophages. T-cell and B-cell markers were consistently undetectable (data not shown). At the time of infection, the macrophages expressed CD4, a low level of CXCR4, and a higher level of CCR5 but no detectable CCR3. By reverse transcriptase PCR (RT-PCR) we detected mRNA for CCR5, CXCR4, BONZO, and CCR3 (weakly) but not mRNA for BOB or CCR8 (data not shown). Previously we have reported detailed analyses of the susceptibilities of such macrophage preparations to a wide range of HIV-1 strains of different phenotypes (46, 47) .
It was conceivable that the CXCR4-only strains, 2005 and 2044, were capable of infecting via CCR5 on primary cells but not on transient or stable cell lines used to assess coreceptor use (Table 1) . To address this question, macrophages were prepared from donors homozygous for the 32-bp deletion in CCR5, as determined by PCR. Seven-day-old macrophages were infected with a panel of SI and NSI strains, and RT activity in the cell culture supernatant was monitored after HIV exposure (Fig. 1) . Two NSI strains, SL-2 and E80, replicated to high levels in macrophages expressing wild-type CCR5 but failed to infect ⌬32/⌬32 CCR5 macrophages. SI strains that use CXCR4 only (2044 and 2005; Table 1 ) replicated to equal levels in macrophages that lacked CCR5, while SI viruses capable of using both CCR5 and CXCR4 and other coreceptors showed a reduced tropism for macrophages from homozygous ⌬32/⌬32 CCR5 donors. For the latter strains, end point infectivity titers were 10-to 20-fold lower on CCR5-deficient macrophages than on macrophages expressing CCR5, indicating that they predominantly used CCR5.
Inhibition of macrophage infectivity by ligands specific for CXCR4. To investigate whether CXCR4 is the major coreceptor used by 2005 and 2044 to infect macrophages, we tested if CXCR4 ligands could inhibit infection. SDF-1, the natural ligand for CXCR4, blocks infection of CXCR4 ϩ cells by TCLA HIV-1 strains (5, 37). Bicyclam derivative AMD3100 has also been shown to inhibit HIV-1 infection specifically through CXCR4 (19, 43) . Figure 2A shows that SDF-1 but not AOP-RANTES (a potent inhibitor of infection through CCR5) inhibited 2044, although relatively inefficiently, giving a reduction of greater than 75% at 2,500 ng/ml ( Fig. 2A) . In comparison to SDF-1, AMD3100 was much more efficient at inhibiting replication by 2044, as assessed by determining the RT activity in the supernatant. Almost total reduction at 100 ng/ml was noted ( Fig. 2A) . As expected, SF162 (R5) replication in macrophages was inhibited by AOP-RANTES but not by AMD3100 ( Fig. 2A) . In a time course experiment (Fig. 2B) , AMD3100 was used at a single dose (100 ng/ml), and this concentration was replenished every 3 days. Figure 2B shows that in this situation macrophage infection by both 2044 and 2005 was greatly inhibited. Again, AMD3100 had no effect on SF162 or SL-2 replication. These results prove conclusively that SI viruses 2044 and 2005 used CXCR4 predominantly for macrophage infection. In addition, monoclonal antibodies (MAbs) specific for CXCR4 also showed inhibition of 2044, --a CCC/CD4 cells, a cat kidney cell line expressing human CD4, resist entry by HIV-1. CCC/CD4 cells were transfected with expression vectors encoding each coreceptor as previously described (47) . After 24 h, transfected CCC/CD4 cells were seeded into 48-well trays (Costar) at 6 ϫ 10 4 cells per well. After 24 h, the cells were challenged with 100 l of serial dilutions of virus for 3 h at 37°C. After 4 days, the cells were fixed and immunostained as previously described (10) . The numbers of positively stained foci were estimated by light microscopy, and the numbers of focus-forming units (FFU) per milliliter were calculated.
b All virus strains were negative for infectivity on CCC/CD4 cells expressing coreceptors CCR1, CCR2b, CCR4, CX 3 CR1, and gpr1. c Mock-transfected CCC/CD4 cells. d -, Ͻ20 FFU/ml.
but not SF162, infection of macrophages (data not shown). Three MAbs, 23, 24, and 27 (a kind gift from R&D Systems), specific for CXCR4 all reduced 2044 infection by over 95% at 10 g/ml, while CCR5-specific MAb 33 (R&D Systems) had no effect, even at 25 g/ml.
We next tested the effect of AMD3100 on macrophage infection by 2076, which can use a broad range of coreceptors. Inhibition was tested on both ⌬32/⌬32 CCR5 and wild-type CCR5 (WT/WT CCR5) macrophages. Figure 2C shows that on WT/WT CCR5 macrophages, less than 40% inhibition of RT production was observed in the presence of AMD31000. In contrast, nearly complete inhibition on ⌬32/⌬32 CCR5 macrophages was observed. Thus, although 2076 can utilize a broad range of coreceptors, infection of macrophages is dependent predominantly on CCR5 and CXCR4.
Although at least eight seven-transmembrane coreceptors have been identified, in vivo only CCR5 and CXCR4 have so far been linked to transmission (14, 32, 42) and/or pathogenesis (28) . CXCR4 is important in pathogenesis in some patients, as FIG. 1. Infection of macrophages from wild-type and homozygous ⌬32/⌬32 CCR5 donors by primary HIV-1 isolates. Six-day-old macrophages, plated overnight in 48-well trays (Costar) at 10 5 cells per well, were exposed to 100 l of virus for 3 h at 37°C followed by extensive washing. All viruses were added at 1.5 ϫ 10 5 focus-forming units (FFU)/ml except 2028 and 2005, which were added at 5.0 ϫ 10 4 FFU/ml. Infection was assessed by measuring supernatant RT activity by enzyme-linked immunosorbent assay (Cavidi Tech, Uppsala, Sweden). Squares, wild-type CCR5 macrophages; diamonds, homozygous ⌬32/⌬32 CCR5 macrophages. These results are representative of two experiments.
FIG. 2. (A)
Inhibition of 2044 and SF162 by increasing concentrations of chemokine receptor ligands. Wild-type CCR5 macrophages were prepared as described for Fig. 1 . A recombinant form of SDF-1 (Met-SDF-1) with its Nterminal methionine retained was used throughout. One hundred microliters of medium, chemokine, or AMD3100 was added at double the required final concentration, and the mixture was incubated at 37°C for 30 min. Then, 100 l of virus at 1.5 ϫ 10 5 focus-forming units (FFU)/ml was added. After 3 h at 37°C, the cells were washed four times and fresh medium containing the relevant inhibitor at the required concentration was added. RT levels were determined at the peak of infection, on day 11. Squares, AMD3100; filled diamonds, SDF-1; triangles, AOP-RANTES. (B) Time course of inhibition of primary HIV-1 strains by AMD3100. A total of 2 ϫ 10 3 FFU of 2044, 2005, SF162, and SL-2 per ml was used to infect wild-type CCR5 macrophages in the presence (squares) or absence (diamonds) of 100 ng of AMD3100 per ml. RT activity was measured every 3 to 5 days, and the medium was replaced. Squares, AMD3100; diamonds, medium alone. (C) Inhibition of multi-coreceptor-using strain 2076 by AMD3100. A total of 2 ϫ 10 3 FFU of 2076 per ml was used to infect both wild-type and homozygous ⌬32/⌬32 CCR5 macrophages. Squares, AMD3100; diamonds, medium alone. All results presented in the three panels are representative of three independent experiments. emergence of CXCR4-using SI viruses precedes a more rapid decline in CD4 ϩ T cells in over one-half of the individuals progressing to AIDS (48) . Since CXCR4 is expressed on distinct cell populations compared to CCR5 (6), it is possible that emerging SI strains target a subset of T cells crucial for CD4 ϩ T-cell homeostasis. Whether other coreceptors play roles in in vivo infection or are linked to colonization of particular tissues or organs or to a particular disease state is currently not clear.
For infection of primary CD4 ϩ cell cultures in vitro, only three (CCR5, CCR3, and CXCR4) of the eight coreceptors described have so far been implicated. CCR5 is expressed on CD45RO ϩ CD45RA Ϫ memory T cells, macrophages, dendritic cells, Langerhans cells, and probably microglial cells in the brain. All these cell types are targets for NSI, CCR5-using strains in vivo and can be infected by them in vitro. Moreover, lymphocytes and macrophages derived from ⌬32/⌬32 CCR5 individuals are resistant to infection by CCR5-using strains (12, 38) . These observations provide powerful evidence that CCR5 is an active and crucial coreceptor for HIV-1 replication in vivo.
A role for CCR3 in infection of microglia cells was suggested by He et al. (26) , who demonstrated that infection with NSI strains was blocked by both CCR3 and CCR5 ligands, eotaxin and MIP-1␤, respectively. CCR3 is also expressed on T helper 2 T lymphocytes (41); however, its role in their infection is not yet defined. CXCR4 on cultured CD4
ϩ T cells and on dendritic and Langerhans cells is used by primary and TCLA SI strains that predominantly use this coreceptor (3, 18) . Although CCR5 is a major coreceptor for infection of macrophages, the role of other coreceptors is less clear. Macrophages cultured in vitro, like other primary cell types, may express several potential coreceptors, and it is therefore difficult to assess the relative contribution of each coreceptor for infection. Homozygous ⌬32/⌬32 CCR5 individuals are an excellent source of CCR5-deficient macrophages; however, the effects of this CCR5 "knockout" on the expression of other coreceptors has not yet been addressed. Blocking infection with ligands specific for particular coreceptors provides good evidence of their involvement in virus entry, yet the possibility of indirect mechanisms affecting the function of other coreceptors cannot be ruled out completely. In our studies we showed that three completely different ligands for CXCR4 inhibited macrophage infection by CXCR4-using viruses. Moreover, one of these, AMD3100, fails to signal via CXCR4 and is thus unlikely to modulate the cell surface expression of other coreceptors (44) . Our results therefore confirm and extend those of Yi et al., who reported that a single multi-coreceptor-using strain of HIV-1 (89.6) can use CXCR4 on ⌬32/⌬32 CCR5 macrophages (50) .
There is much current effort to develop therapeutic reagents targeted to coreceptors. CCR5 seems an excellent candidate to target, since individuals homozygous for a 32-bp deletion are usually healthy. However, if HIV strains readily use alternative coreceptors in vivo, then therapeutics aimed at CCR5 will be ineffective. At least for primary macrophages prepared from blood monocytes, our study shows that CCR5 and CXCR4 are the predominant coreceptors used for infection by both NSI and SI strains of HIV-1. No evidence was found for the use of alternative coreceptors for HIV-1 entry.
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